Introduction
Digital breast tomosynthesis (DBT) is a promising three-dimensional (3D) x-ray imaging modality already used in daily clinical practice for breast cancer screening (Sechopoulos 2013) . Several studies have shown that the addition of DBT to digital mammography is associated with a decrease in recall rate and an increase in cancer detection rate (Friedewald et al 2014 , Durand et al 2015 . The technique allows the partial removal of the influence of overlapping tissues, which is intrinsic to two-dimensional (2D) mammography and may lead to improved breast cancer visualization. Typically, DBT uses 9-25 projection images of the breast acquired with dedicated x-ray based mammography systems. The spatial resolution of DBT is in the order of 0.1 mm × 0.1 mm × 1 mm (x × y × z), whereas digital mammography has a resolution in the order of 0.1 mm × 0.1 mm × 50 mm. Each projection image requires only a fraction of the total dose of a full 2D mammogram because all of the projection images are added together to synthesize the tomographic planes (Kopans 2014) .
While cone beam breast computer tomography (CT) with dedicated scanners is a fully 3D technique for breast imaging, which produces isotropic resolution (Sarno et al 2015) , in DBT the various views are input to reconstruction algorithms to provide a pseudo 3D image of the breast. However, DBT (as well as breast CT) is based on projections acquired in absorption mode, where x-ray images are formed from local variations in the absorption properties of the various breast tissues. In this imaging modality, the tumor contrast in projection images (with respect to background fibroglandular tissue) is less than 10%, typically, since the values of the x-ray attenuation coefficient µ(E) of normal (fibroglandular) and cancerous breast structures (like invasive/non-invasive ductal and lobular carcinoma) differ by only a small percent at most, in the photon energy range of 15 keV-110 keV.
One approach to increase tumor and microcalcification contrast in tomosynthesis images is by using phase-contrast (PhC) projection images in the tomosynthesis setup instead of images acquired in attenuation mode. Grating-based PhC and in-line PhC experimental arrangements were recently reported as approaches that may be used to produce PhC images. In the case of grating-based PhC tomosynthesis, Schleede et al (2014) presented for the first time results from a tomosynthesis of a 9 mm thick mastectomy sample section characterized by an invasive ductal carcinoma. PhC tomosynthesis slices showed improved visibility of fibrous structures in comparison to absorption-based tomosynthesis; moreover, some tissue structures were visible only in PhC tomosynthesis images. In the same line of research, Li et al (2014) reported on a PhC tomosynthesis study realized with 21 projection images obtained for each of the three in-house developed physical objects with known µ(E) and δ(E) characteristics. Both the filtered backprojection method (FBP) realized with a Hilbert kernel and a shift-and-add algorithm (SAA) were used as the reconstruction algorithms. They concluded that neither of the reconstruction methods, applied in their studies, can be used to replace absorption-based tomosynthesis. Moreover, the authors suggested that absorption and PhC mechanisms provide complementary information. Another study, reported by Szafraniec et al (2014) , showed that a strong PhC signal is preserved in tomosynthesis images obtained from a 'double TORMAM' phantom with a total thickness of 3.2 cm in their coded-aperture based laboratory implementation of x-ray PhC tomosynthesis. Phantom details of interest were clearly isolated, while a strong PhC signal was preserved at the edges of the details in tomosynthesis images, reconstructed by an iterative algorithm. The studies of Li et al and Szafraniec et al however, concerned phantoms with a homogeneous background.
The in-line (or propagation-based) implementation of PhC tomosynthesis has also been reported (Hammonds et al 2011 , Ikeya et al 2013 , Guan et al 2014a . In this technique, no optical elements like apertures or gratings are used in the beam path for x-ray acquisitions. Arrangements included experimental systems either in a laboratory or at synchrotron facilities, and polymethyl-methacrylate (PMMA) phantoms with features of interest imaged in PhC tomosynthesis conditions. The reconstruction algorithms used in these studies were FBP and SAA. The PhC tomosynthesis images retained the edge enhancement effects observed in the planar projection images of simple PMMA phantoms. More recently, Guan et al (2014b) showed through simulations that x-ray PhC tomosynthesis provides better z-resolution than conventional DBT. The authors used an advanced iterative algorithm with PhC images simulated within an angular arc of 40°.
These preliminary studies, although carried out with simple phantoms, point out the potential benefits of applying x-ray PhC tomosynthesis for imaging the breast, in the simple geometry of in-line PhC imaging. They also motivate the further development and optimization of this technique as well as its clinical application towards the successful detection of suspicious regions in mammography images and the better differentiation of breast structures. The use of more complex and thicker phantoms is necessary for this purpose.
In this work the authors adopt, apply and test in-house developed algorithms for volumetric breast reconstructions from PhC projection images, obtained in an in-line PhC tomosynthesis setup. The investigative goal is to test whether enhanced edges of image details (including breast-like lesions)-produced by PhC with a highly coherent, monochromatic x-ray sourceare preserved in tomosynthesis reconstructed images of phantoms characterized by different structural complexity. The specific objectives of the study are: (a) to demonstrate the ability to synthesize tomosynthesis images of varying-complexity phantoms, which are built from materials mostly having characteristics close to the absorption and the refractive characteristics of real breast tissue using a PhC setup at a synchrotron facility; (b) to apply and compare in-house developed 3D algorithms for the reconstruction of PhC tomosynthesis slice images devised for x-ray breast imaging; and (c) to evaluate the amount of edge enhancement effects in PhC tomosynthesis images for the tested reconstruction algorithms.
Experiments were carried out at the European Synchrotron Radiation Facility (ESRF) (Grenoble, France) using four physical phantoms made of materials commonly utilized in the construction of phantoms in x-ray diagnostic imaging. PhC tomosynthesis was implemented by acquiring 17 angular views of these phantoms within an angular span of ±32°; tomosynthesis slices were reconstructed by the standard SAA and FPB algorithms. Furthermore, the reconstructed slices were compared to the corresponding planar images in terms of feature visibility and sharpness.
Materials and methods

Phantoms
Four physical phantoms of varying composition and complexity were used in the study (figure 1): (a) PMMA phantom (phantom 1)-a homogeneous PMMA sample in the form of a slab of size 6 cm × 6 cm × 4 cm through the smallest face of which four air-filled cylindrical holes (diameter of 1 mm) were drilled vertically; (b) paraffin phantom (phantom 2)-a homogeneous paraffin slab of size 6 cm × 4 cm × 2.5 cm, containing three water spheres (diameter of 0.8 cm), placed at different depths in the slab; (c) epoxy resin phantom with air bubbles (phantom 3)-a rectangular polystyrene flask with size 6 cm × 4 cm × 2 cm filled with an epoxy resin mixture and then shacked in order to produce a large number of air sacs of different sizes; and (d) CIRS model 020 BR3D (phantom 4)-five slabs stacked together to simulate a 5 cm thick compressed breast with tissue composition of 50% glandular-50% adipose (CIRS Inc., Norfolk). The central slab of the stack contains details simulating microcalcifications, fibers and masses.
The first row in figure 1 shows a schematic representation of the phantoms used in this study, while the second row shows photos of the physical phantoms used in the experimental work. The linear attenuation coefficients and the refractive indices of the materials used in the experimental work are summarized in table 1. For comparison purposes, we provide the corresp onding coefficients for breast tissues as well.
The refractive index decrements (δ) for four of the materials in table 1 were taken from the CSIRO Imaging portal. The refractive index decrement for the rest of the materials is calculated by taking into account that δ = N e (r e λ 2 )/2π, where r e is the classical electron radius, while N e is the electron density of the tissue and λ is the wavelength. For each element and composition, N e is calculated, knowing the chemical formula for each material simulated. The linear attenuation coefficients for these materials were taken from the XCOM database (Berger et al 2010) .
Experimental setup
The experiment was conducted at the biomedical beamline ID17 at the ESRF (Bravin et al 2007) . Coherent radiation is obtained from the wigglers of the storage ring. A monolithic channel-cut Si (1 1 1) crystal is placed 153 m from the source to produce a monochromatic beam, with energy selectable in the range 25-140 keV. A tungsten slit system, located approximately Phantoms used in the experimental study. Phantoms 1 and 2 are homogeneous slabs embedding test objects inserted at different positions as shown in the first row. They were used for initial evaluation of the reconstruction algorithms. Phantoms 3 and 4 represent complex phantoms dedicated to test the performance of PhC tomosynthesis with objects characterized by an inhomogeneous texture. The ROIs under investigation for phantom 4 are noted on its schematic presentation as ROI1 to ROI4. 150 m from the source, collimated the beam cross section to a size of 150 mm × 6 mm; the photon energy for the experiments was 35 keV.
The detector was a tapered optics FReLoN 2k CCD camera, a fast-readout and low-noise charge-coupled device with a pixel size of 47 µm and a field-of-view of 95 mm × 95 mm. It was located at a distance of 11 m downstream of the beam exit surface of the phantom. Further, the FReLoN camera was placed on a fixed platform and the phantoms were mounted horizontally on a motorized scanning stage that could rotate around a vertical axis and translate vertically. Images for tomosynthesis were obtained by the following setup. Each phantom was scanned by rotating the phantom stage in a full arc of 360° and projection views were recorded every 4°. From the whole set of 90 images, 17 projection images were used for tomosynthesis, in an arc from −32° to +32°, where 0° is the direction normal to one of the largest faces of the phantom slab. Due to the limited vertical extent of the beam (6 mm), in order to scan the whole height of the phantom its supporting platform was translated vertically at the end of each full rotation, in a rotate-translate sequence. Depending on the phantom's height, the number of vertical scans varied. The size of the recorded images was 2048 (width) × 93 (height) pixels. The whole projection image was then obtained by combining the different images acquired in a single vertical step; for phantom 1, the image size was 2048 × 1003 pixels; for phantom 2, 2048 × 1062 pixels; for phantom 3, 2048 × 236 pixels; and for phantom 4, 2048 × 2242 pixels. The incident air kerma per single projection image was 0.33 mGy, while the exposure duration was 26 ms.
Projection data processing and reconstruction algorithms used
Tomosynthesis images were reconstructed with an in-house developed reconstruction platform (Kamarianakis et al 2014) . The PIRXI software platform (platform for image reconstruction in x-ray imaging) is a tool based on the RTCL, Reconstruction Techniques Class Library, which is another in-house developed object-oriented library for x-ray based applications (Kamarianakis et al 2013) . This platform permits the fast development of known image reconstruction algorithms based on various projection data from known image acquisition setups (e.g. CT, tomosynthesis, etc) and the programming and testing of new reconstruction techniques, using modified or new projection acquisition trajectories. The core components of the platform are C++ classes that provide the user with software equivalents of a real CT imaging chain (e.g. x-ray source, flat-panel detector, image reconstruction processor, etc). By combining instances of these classes with the appropriate methods on projection data (e.g. filtering, 3D transformations) the user can repeat and simulate a large variety of imaging setups and eventually use the processed images to reconstruct objects at arbitrary orientations.
Two basic algorithms, the SAA and the FBP algorithm, are fully implemented in the platform. Both line integrals and x-ray intensity images can be used to reconstruct tomograms. Different types of filters may be selected for the FBP algorithm. The geometry may be isocentric rotational and partially isocentric (stationary detector). The parameters adjusted for the algorithms to reconstruct tomograms from PhC projections mainly concerned the geometry (rotating object, stable source and detector), as the deviation and the actual position of the detector with respect to the axis of the object rotation were accurately identified from the acquired projection images and taken into account in the reconstructions.
For the purposes of this study, the size of the in-plane reconstructed voxels was set to 43.6 µm × 43.6 µm. The voxels were considered anisotropic, by means of slice separation. Slice thickness was set to 0.1 mm. The images were reconstructed with both the SAA and FBP algorithms. Advanced iterative techniques were not considered at this stage. A detailed comparison and optimization of the algorithms, including iterative-based methods, will be performed in follow-up experimental and simulation studies on the tomosynthesis images of anthropomorphic breast phantoms with known realistic breast tissue distribution. In the case of FBP, prior to reconstruction, the projection images were pre-processed with a modified ramp filter kernel. The required Ram-Lak filter was combined with an apodization window to suppress the highest-frequency components and reduce the influence of random noise while keeping an optimal spatial resolution loss. No other pre-processing (e.g. denoising methods) was applied prior to backprojection in all cases. The reconstructed set of images varied from 400 slices for phantoms 1 and 2, to 500 slices for phantoms 3 and 4 in order to cover the volumes of interest.
Evaluation of image quality
To quantify differences in the conspicuity of the edge enhancement effect of objects in the reconstructed and projection images, the edge enhancement index (EEI) and the edge enhancement to noise ratio (EE/N) adopted by Donnelly et al (2006) were used:
where P and T are the peak and the trough intensity value at the edge, respectively; H and L are the intensity values that would result at these locations if there were no edge enhancement at the high-and low-intensity regions next to the edge. The H and L values were calculated for a square region of size 100 × 100 pixels near the corresponding edge. σ H and σ L represent the standard deviation of the pixels in the region of interest used to calculate the H and L values, respectively. The first metric, the EEI, was used to quantify the edge enhancement effect relative to the absolute change in intensity from absorption differences across the edge, while the second metric, EE/N, was utilized to quantify the enhancement relative to the image noise.
In addition to the quantitative assessment, a task-based evaluation was designed for the images which belonged to the experiment with the CIRS model 020 BR3D. The study included three radiologists with more than 10 years of experience in the field of radiology and 17 slides with images representing regions of interest (ROIs) extracted from a planar image and reconstructed images with FBP and SAA. The first slide contained the schematic image of phantom 4 with the four ROIs. It is followed by four slides per ROI: the ROI reconstructed by FBP, the ROI reconstructed by SAA, the planar ROI, and a slide containing all three ROIs.
In the case of masses, the observers were told that there were four masses with different sizes. The observers were asked to estimate the number of masses they see for each modality. In addition, they were asked to use grades from 1 to 5 for each of the masses: 1 (clearly absent), 2 (probably absent), 3 (present or absent), 4 (probably present), 5 (clearly present). For the microcalcifications, the observers were told that in the images there existed six microcalcifications per group with different sizes. They were asked to estimate the number of microcalcifications they see for each group, as well as to evaluate their visibility by using scores between 1 and 5. Similar guides were given with respect to the nylon fibers with different sizes. 1, 2) 3.1.1. PMMA phantom (phantom 1). Figure 2 shows the projection images of phantom 1, corresponding to the view at 0°, and figure 3 shows the corresponding tomosynthesis images reconstructed from the 17 acquired projection images of phantom 1 with the two tomosynthesis algorithms, relative to the phantom sections containing the air channels.
Results and discussion
PhC tomosynthesis with simple homogeneous objects (Phantom
The projection image shown in figure 2(a) is the image obtained at an object-to-detector distance of 11 m (where significant PhC and edge enhancement effects are expected), while the image shown in figure 2(b) is the view obtained at an object-to-detector distance of 17 cm (where very minimal, or no, PhC and edge enhancement effects are expected due to the short propagation distance behind the object). The horizontal line profiles taken across these images are also shown. In both the PhC and absorption projection images (figures 2(a) and (b)), there is a complete overlap of two of the air-filled cylindrical holes embedded in the middle region of the phantom (see figure 1, phantom 1, for which the x-ray beam enters from the top). By contrast, on the tomosynthesis reconstructed slices (figure 3), all four air cavities are completely resolved and fully separated.
The reconstructed tomosynthesis images suffer from a strong artifact pattern, caused by the backprojected values of the edges of the out-of-plane phantom structures (for the used phantom these are the other cylinders and the phantom shape itself). This is a known effect, which in the case of PhC imaging is further enhanced. The nature of the artifacts is better presented in figure 4 , which shows an axial reconstruction slice through the four cylindrical holes. However, the tomosynthesis images have an obvious advantage compared to the planar images-despite the strong strike artifacts, one can clearly differentiate the four air-filled cylinders and accurately determine their position in the PMMA phantom.
The EEIs and edge enhancement to noise ratios were calculated for each cylinder edge and subsequently these were averaged and shown at the top of the plot profiles. The edge enhancement effect, observed on the projection image in figure 2(a) , is fully preserved on all tomosynthesis images, and it is even more pronounced: the EEI in the projection image ( figure  2(a) ) is 4.43 and increases to 36.64 and 42.09 in the tomosynthesis slices reconstructed with the FBP algorithm, while the EEIs for the projection images and SAA tomosynthesis slices are similar. In the case of SAA, the EEI is slightly reduced compared to the EEI calculated for the projection image, due to the weighting sum of the pixel values from the unfiltered projection images. In general, in the tomosynthesis images obtained with SAA, the improved object edges from the projections are preserved. The applied high-pass filter in the case of FBP further enhances the object edges leading to improved edge visibility and higher EEI in the tomosynthesis images.
The lowest noise values (the N in EE/N) are obtained for the images reconstructed with SAA and for the planar projection images, while the highest are calculated for the FBP tomosynthesis slices. The latter mostly come from out-of-plane artifacts, which for the case of FBP are extremely pronounced, compared to SAA. However, due to the high EEI, the EE/N for the SAA slices is also retained at high levels: the EE/N index increases from 7.64 for the planar images ( figure 2(a) ) to 23.57 for the tomosynthesis images reconstructed with FBP ( figure  3(d) ). This EE/N improvement also occurs for the reconstructed SAA images. In the case of SAA, the out-of-plane edges are smeared which results in lower noise levels in the reconstructed images.
Similar results in terms of retained edge enhancement effects and EE/N improvement were claimed to be obtained by Hammonds et al (2011) in their experimental work with a cylindrical phantom containing three holes drilled within it with a diameter of 2 mm, even though they used neither the SAA nor the FBP algorithm but the multiple projection algorithm developed by Kolitsi et al (1992) . The comparison of the two reconstruction algorithms SAA and FBP shown in figure 3 indicates an increased contrast of the reconstructed objects (in terms of EEI) for the FBP and reduced noise influence in the tomosynthesis slices reconstructed by both algorithms (in terms of EE/N). Szafraniec et al (2014) also found that their edge-illumination PhC tomosynthesis setup preserved the edge enhancement observed in planar images even though the effect was not expressed in quantitative terms. Figures 5(a)-(d) show two reconstructed tomosynthesis slices from PhC projections of phantom 2 by using the SAA ((a), (b)) and FBP ((c), (d)) algorithms. The selected slices are the central planes which pass through the middle ((a), (c)) and leftmost ((b), (d)) water spheres, respectively. The tomosynthesis slice in ((b), (d)) is the central slice that passes through the leftmost sphere and at the same time corresponds to a slice that is 2 mm away from the central slice that passes through the middle sphere ((a), (c)). For comparison purposes, figures 5(e) and (f) show the projection images, which correspond to images of phantom 2 taken at 0° (central view) and object-to-detector distances of 11 m and 17 cm, respectively. Line profiles taken across the spheres are shown in each sub-panel of figure 5 . As in the case of phantom 1, the EEIs calculated for the edges of the central sphere ( figure 5(c) , EEI = 91.43 and EE/N = 34.02) and of the left sphere ( figure 5(d) , EEI = 50.76 and EE/N = 13.09) for the case of FBP were higher than the corresponding indices calculated for these details in the PhC projection image (figure 5(e), EEI = 11.10 and EE/N = 19.36), and tomosynthesis images obtained with SAA ( figure 5(a) This finding, and the similar results obtained in the previous section for the two experimental trials with simple phantoms incorporating a homogeneous background, showed that the edge enhancement effect observed for features in PhC planar imaging is preserved, for the case of PhC tomosynthesis. The comparison between the two algorithms shows an advantage for the FBP approach in terms of better sharpness of the features' outline, as compared to the simple backprojection operation delivered by the SAA algorithm. This is also confirmed by the EEI and EE/N comparison between the SAA and FBP images. The comparison shows that FBP results in a higher EEI which objectively confirms the visually observed more enhanced object edges in slices obtained by FBP compared to those obtained with SAA. This outcome is expected, in a certain degree, since SAA uses unfiltered projection images. The two algorithms can be applied using the same set of images. Each of them provides a look at object slices in a different way: SAA better produces flat regions and immediately reveals different-material regions. Flat regions still differ in the FBP reconstructions but in terms of mean intensity and to detect that difference, additional low-pass filtering would be required. FBP strongly enhances any edges (their magnitude is several orders stronger, see figures 5(a)-(d)) and can be used to detect the borders between the different materials and this is especially useful for the detection of very small objects (for example microcalcifications). Therefore, the authors consider the two algorithms as complementary, providing two different views without using additional radiation. Due to the limited scanning arc in tomosynthesis, volumetric reconstructions suffer worse resolution in a direction perpend icular to the coronary planes (planes that are parallel to the detector) (Sechopoulos 2013) . The content presented on a coronary reconstruction image corresponds to a slice thicker than the pixels' width and height in the image and the thickness depends on the arc length. This is well seen in the axial reconstruction in figure 4 (the coronary planes are parallel to the image lines and perpendicular to the image plane). Only the central reconstructed plane (the one that passes through its center) reveals the sphere as a circular object in the tomosynthesis images. This is illustrated in figures 5(c) and (d), where one can observe the ovoid shape of the reconstructed sphere in a plane that is 2 mm away from the central plane for the case of the sphere in the middle of phantom 2. This is a known artifact for tomosynthesis using a circular scanning trajectory (Sarkar et al 2009 ) and it appears for PhC tomosynthesis imaging, as well.
Paraffin phantom (phantom 2).
Nevertheless, to additionally confirm that, the authors simulated the experimental PhC imaging setup and using a computer model of the paraffin phantom (figure 1, first row, second image), created PhC projection images and performed a series of CT and tomosynthesis reconstructions, following the methods adopted in a previous work (Bliznakova et al 2015) . Coronal and axial reconstructions (by using FBP) are presented in figure 6 .
The circular shape of the sphere cross-section is preserved in all reconstructed slices. The tomosynthesis images show the expected known artifacts. Figure 7 compares tomosynthesis slices reconstructed with SAA (figures 7(a) and (c)) and FBP (figures 7(b) and (d)), while figure 7(e) shows the image corresponding to the projection at 0° obtained in a PhC mode. On the same graph, plots of profiles taken horizontally across the ROIs (short arrows are shown) are presented.
PhC tomosynthesis with phantoms composed of inhomogeneous background
Epoxy phantom (phantom 3).
The edge enhancement effect observed in the projection image of this inhomogeneous phantom is well preserved in all tomosynthesis images. The superposition of internal details (air sacs) produces a texture background well visible in the projection view; on the other hand, the reconstructed slices demonstrate partial removal of this complex background, showing fairly improved visibility for the details located in the corresponding plane, and well defined object dimensions and location. This visual result is well supported by the quantitative evaluation of the images. The calculated EEI is much higher for the slices reconstructed by FBP, as in the evaluated cases of phantom 1 and phantom 2, which are characterized by homogeneous backgrounds.
This experimental test showed the potential of PhC tomosynthesis for successfully resolving the complexity of a highly structured background in the x-ray imaging of thick and inhomogeneous phantoms, at least in cases with high-contrast details. 
Phantom 4.
The results for phantom 4 are presented in figures 8-11. These figures show the reconstructed features in four selected ROIs contained in the BR3D commercial phantom: masses-ROI1 (figure 8), fibers-ROI2 and ROI3 (figures 9 and 10) and groups of microcalcifications-ROI4 (figure 11), for the PhC planar image and reconstructed FBP and SAA tomosynthesis images. The projection and reconstruction images appear to mirror each other compared to the annotation of the ROIs in figure 1 . As in the case of phantom 3, which is characterized by an inhomogeneous background, the simulated anatomical background, strongly present in the planar images (the top images in figures 8-11), is removed in the tomosynthesis images (second and third images in figures 8-11), thus leading to improved microcalcification and improved low-contrast visibility as well as the edge sharpness of these features.
A detailed comparison between the four ROIs taken from the planar and tomosynthesis images, shown in figures 8-11, reveals that most detail features are visible only in the tomosynthesis images (e.g. the groups of microcalcifications, the nylon fibers and the masses). For instance, in ROI4 from the planar image (figure 11), only microcalcifications with a grain size of 0.400 mm may be seen; similarly, in the images reconstructed with SAA this group of microcalcifications is also observed. By contrast, in the FBP reconstructed images, microcalcifications with sizes between 0.196 mm and 0.400 mm are well visualized. For these details, the contrast-to-noise ratio (CNR) and contrast were calculated and compared in table 2.
The CNR is higher for microcalcifications reconstructed with FBP, and their contrast is much improved. This is explained by the high-frequency nature of the filter used to pre-process the projection images in the FBP, which gives rise to the high-frequency content amplification. Similar results are reported from the task-based evaluation for the microcalcifications, Similar results were observed for the nylon fibers present in ROI2 and ROI3 (figures 9 and 10). From the nylon fibers, which had a length of 10 mm, the fibers with diameters in the range between 0.6 mm and 0.23 mm (ROI3) as well as between 0.28 mm and 0.41 mm (ROI2) were slightly visible on the projection images. In contrast, these fibers were well defined in both the SAA and FBP reconstructed images. These fibers were not visible on the projection image mainly due to the inhomogeneous background containing tissue simulating materials with properties close to the absorption properties of real breast tissue. Line profiles were taken across these fibers and compared in figure 12 . The comparison of the line profiles shows sharper edges of the nylon fibers reconstructed with FBP in comparison with those reconstructed with SAA. This observation supports well the improved nylon fiber appearance in FBP images compared to that in SAA images. The task-based evaluation, summarized in table 4, shows an advantage for the FBP images, followed by the SAA and the planar images. Nylon fibers were almost invisible on the planar images as the highest score in this case was 2, which corresponds to 'probably absent'. The observers noted that both the FBP and the SAA gave similar results; however, they preferred FBP due to the improved edge visibility.
Finally, masses are well visualized in both the SAA and FBP tomosynthesis compared to masses in the planar images. Indeed, masses in the planar image of ROI1 (figure 8) are not visible at all. These are hemispherical masses with diameter between 2.3 mm and 4.7 mm. Quantitatively, their CNR and contrast were evaluated and listed in table 5. As expected, masses reconstructed with SAA have higher CNRs than those with FBP. This has already been demonstrated in a previous study at a synchrotron facility (Bliznakova et al 2010) . The random and structured noise in the images is related to the high-frequency components in the spectra of the images. SAA acts as a low-pass filter for out-of-plane content, while the FBP excludes that content and this results in a lower CNR compared to SAA. The results from the quantitative assessment are well supported by the results of the task-based 1  1  1  1  1  3  2  1  1  1  3  3  3  1  1  1  1  3  FBP  1  1  5  5  5  2  2  1  5  5  5  2  3  1  5  5  4  2  SAA  1  1  5  5  5  1  2  3  5  5  5  1  3  1  5  5  4  1 evaluation, summarized in table 6. The observers ranked the planar images on third place, while they evaluated SAA to be better at reconstructing masses than FBP. In addition, they all agreed that low-contrast features were absent or probably absent on the planar images. Overall, low-contrast large-area details, such as masses, are well reconstructed with SAA compared to FBP. The anatomical structured noise is fairly reduced and the masses are well visualized, despite the blurring effects present on the image. In the case of FBP, in-plane and out-of-plane low-frequency content is suppressed. This combined with the high-frequency noise in the reconstructed images leads to lower CNR values for the masses reconstructed by FBP in comparison to those reconstructed by SAA. Therefore, FBP combined with the Ram-Lak filter is a suitable algorithm for reconstructions of high-contrast features like microcalcifications. In this case, the high-frequency content is amplified and at the same time the heterogeneous background is well suppressed, which results in higher CNR values for microcalcifications compared to those reconstructed with SAA.
Similar to x-ray projection mammography, PhC projection imaging lacks depth-of-focus information. When imaging thick, complex specimens (as in the case of phantom 3) or entire breast phantoms (as in the case of phantom 4), the superposition of various features present in the sample complicates the image interpretation task. The use of 3D techniques, like digital tomosynthesis, overcomes at least in part these limitations. The current study showed the ability to improve the detection task: to precisely characterize the location and dimensions of objects within the phantom, as well as to preserve the edge enhancement that is observed in planar PhC projection images. The images shown were obtained with an in-line PhC setup. The in-line method is the simplest and most adopted technique for PhC imaging, since it does not require the use, in the imaging setup, of any optics or grating elements between the sample and the detector, in order to perform wave splitting or any kind of image reconstruction.
The transfer of this imaging modality for breast imaging with monochromatic radiation to the clinical environment is being pioneered at the Elettra synchrotron facility (Trieste, Italy) (Arfelli et al 2000) , with demonstration of higher contrast in PhC images than in absorption images with a synchrotron in the energy range of 15 keV and 25 keV, for breast tissue specimens. Preliminary results with patients examined on both synchrotron and conventional mammography units indicated that from the diagnostic point of view, PhC synchrotron images are never inferior to those from conventional units (Castelli et al 2007 , 2011 , Dreossi et al 2007 , 2008 . Recently at this infrastructure, detail quantitative evaluation and optimization of PhC CT have been accomplished with respect to the detection of small tumors in breast tissue (Gureyev et al 2014) . In this framework, on the basis of the findings of this work, synchrotron DBT has potential for further improving the diagnostic task of lesion detection.
The experimental study was carried out at ID17 at the ESRF, a beamline which has at its disposal a suitable large-area detector. The closest possible distance between the detector and the object in PhC mode was approximately 6 m. Nowadays, this study could be successfully completed at the SYRMEP beamline at Elettra, for example at a distance of 166 cm (the longest available distance) and with a large-area detector. Recently, PhC CT was successfully applied at this beamline (Gureyev et al 2014) . The authors evaluated both propagationbased and analyzer-based PhC imaging combined with CT for two plastic phantoms and four excised breast samples. Appropriate conditions for realization of this technique may include the medical beamline of the Australian Synchrotron, which has a large-area detector and distant object-detector that could be adjusted up to 5 m (Nesterets et al 2015) .
In the present study, images were reconstructed by backprojection algorithms, which were already implemented in the reconstruction platform. However, these algorithms are characterized by some imperfections like streaking artifacts, shadowing around dense reconstructed objects and other noise-like textures. These artifacts may obscure some of the fine anatomical details of the image. Over the last five years, much effort has been made at developing and modifying existing iterative reconstruction techniques applied to PhC images. Among these algorithms are the statistical iterative algorithm (Fahimian et al 2010 , Hahn et al 2015 , an iterative algorithm based on the Fourier transform (Cong et al 2012) , the algebraic reconstruction method (Fu et al 2015) , and an iterative algorithm based on the penalized maximum likelihood reconstruction algorithm (Brendel et al 2016) . In all cases, image quality is significantly improved in comparison to the FBP method. Therefore, a continuation of this work will concern the realization of iterative algorithms and their use with the available image sets. It is also planned for these algorithms to be applied using projections obtained from in-house developed anthropomorphic breast phantoms (Bliznakova et al 2016) and breast tissue samples.
For the setup at beamline ID17 at the ESRF, the time for obtaining an image with a height of 6 mm and a width of 150 mm was 26 ms. For an image with a height of 18 cm, the needed time for exposure for 17 images in a tomosynthesis arc will be 13.26 s, which is almost double that for conventional breast tomosynthesis (Qian et al 2012) . In these calculations, the time needed for platform movement in the z direction has not been taken into account. The needed time would depend on the used setup, and the detector size and properties and it is also subject to optimization, since the number of images may be decreased and the resolution of the detector could be lower than that used in the study.
Conclusions
The SAA and FBP algorithms were successfully tested for PhC tomosynthesis. This experimental phantom study showed that features were well differentiated and characterized on tomosynthesis images. In addition, their edges were still sharp, as in the planar case. It is important that PhC tomosynthesis was capable of preserving enhanced edges in the reconstructed images especially for thick and inhomogeneous phantoms. Edge visibility was much improved when using FBP, which resulted in a much better subjective (visual) determination of the contours of the details of interest. However, images reconstructed with SAA looked more similar to the classic tomographic images and provided a better perception for the reconstructed tissues. In this sense, the two reconstruction algorithms can be considered as complementary reconstruction techniques for evaluating more complex phantoms. From a clinical perspective, in-line PhC breast tomosynthesis might improve the task of detection of suspicious areas in mammography images by adding the edge enhancement effect (due to PhC) to reconstructed attenuation images. Further investigations will be devoted to the validation of the presented findings by imaging ex vivo breast samples and elaboration of the current SAA and FBP algorithms to improve reconstructions of objects from PhC images.
